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, encoded by the polycistronic Dnm30os gene, is highly expressed during development of molar tooth germ and was selected as a target for silencing with anti-miR-214. Mandibular injection of 1-100 pmol of anti-miR-214 close to the developing first molar in newborn mice resulted in significant decrease in expression of miR-214, miR-466h, and miR-574-5p in the tooth germ. Furthermore, levels of miR-199a-3p, miR-199a-5p, miR-690, miR-720, and miR-1224 were significantly increased. Additionally, the expression of 863 genes was significantly increased and the expression of 305 genes was significantly decreased. Among the genes with increased expression was Twist-1 and Ezh2, suggested to regulate expression of miR-214. Microarray results were validated using real-time RT-PCR and Western blotting. Among genes with decreased expression were Amelx, Calb1, Enam, and Prnp; these changes also being reflected in levels of corresponding encoded proteins in the tooth germ. In the anti-miR-214-treated molars the enamel exhibited evidence of hypomineralization with remnants of organic material and reduced surface roughness after acid etching, possibly due to the transiently decreased expression of Amelx and Enam. In contrast, several genes encoding contractile proteins exhibited significantly increased expression. mRNAs involved in amelogenesis (Ambn, Amelx, Enam) were not found among targets of miRNAs that were differentially expressed following treatment with anti-miR-214. It is therefore suggested that effects of miR-214 on amelogenesis are indirect, perhaps mediated by the observed miR-214-dependent changes in levels of expression of numerous transcription factors. tooth development; mouse; mRNA; miRNA; microarrays THE TOOTH IS DERIVED FROM both the ectoderm and the neural crest (ectomesenchyme). It is a convenient model for studies on the basic mechanisms of organ development, including differentiation, cellular interaction, morphogenesis, and also mineralization of extracellular matrices (11, 32) . In mouse, tooth development begins at about embryonic day 11.5 (E11.5) by dental lamina initiation, whereas initiation of dentin and enamel formation and mineralization starts at postnatal day 0 (P0) (5) . Tooth development entails a multistep and complex process of gene expression (15, 27, 34) . Studies with genetically modified mice have contributed substantially to our understanding of genes that regulate tooth development and morphology (10, 12, 33) .
MicroRNAs (miRNA) constitute a class of noncoding RNAs that regulate gene expression at a posttranscriptional level (2) and are considered as important regulatory molecules during fetal development (3) . By binding to target mRNAs, miRNA induce mRNA decay or translation repression (1) . Recent bioinformatic predictions of mRNA targets for specific miRNAs in vertebrates indicate that hundreds of miRNAs are responsible for regulation of expression of up to 30% of the human protein-coding genes (19, 22) . Experiments have verified that miRNAs can regulate expression of hundreds of mRNAs in cultured cells (23) . Previous study has also shown that microarrays can be used to detect physiologically relevant effects of miRNAs on expression of mRNAs in vertebrates; miRNAs have been shown to alter the expression of a greater number of transcripts than previously appreciated, primarily through interaction with 3=-untranslated regions (UTR) of mRNAs (23) .
Understanding the biological function of miRNAs requires knowledge of their mRNA targets. Bioinformatic approaches have been used to predict mRNA targets, among which both mRNAs coding for transcription factors and proapoptotic proteins were prominent candidates (29, 35 ). The precise molecular function of miRNAs remains largely unknown and a better understanding may require loss-of-function studies in vivo. It has been shown that intravenous administration of a novel class of chemically engineered oligonucleotides termed "antagomirs" or "anti-miRs" resulted in a marked reduction of corresponding miRNA levels in most tissues (20) . Injection of an anti-miR to miR-122 resulted in upregulated expression of hundreds of genes predicted to be repressed by miR-122 based on the presence in these genes of a miR-122 recognition motif in their 3=-UTR region. Paradoxically, anti-miR treatment also revealed a significant number of downregulated genes that may be activated by miR-122. The mechanism by which miRNAs may activate gene expression in vivo is unknown. However, it may involve an indirect effect (e.g., the suppression of a transcriptional repressor), or alternatively, miRNA may have a direct effect on transcription (e.g., via chromatin remodeling) (20) .
Studies of the time courses of miRNA expression in developing murine molar tooth germ have shown these to be highly dynamic, some miRNAs being abundantly expressed during early molar development, while others are highly expressed only at later developmental stages (16) . A recent study also suggested that miRNAs modulate tooth morphogenesis and ameloblast differentiation, perhaps largely by fine tuning of signaling networks (26) .
MiR-199a-3p, miR-199a-5p, and miR-214 are encoded by Dnm30os, a RNA transcript from the 14th Dnm3 intron (21, 37) . In tooth germs these miRNAs exhibited high levels of expression at postnatal stages of odontogenesis, miR-214 showing the higher level of expression (16) . It was therefore selected as a target for silencing using anti-miR-214. We report effects from injections of 1-100 pmol of anti-miR-214 close to the developing first mandibular molar in newborn mice. At 24 h, or more, after injection significant changes in levels of expression of 1,168 genes were observed. This was also reflected in corresponding changes in levels of several of the encoded proteins. In the resulting mature molar enamel evidence suggesting hypomineralization was also observed.
MATERIALS AND METHODS
Experimental animals. All animals (CD-1 strain) were kept on a 12 h light-dark cycle at 21°C with a relative humidity of 65%. Prior to experimental use, animals were given standard laboratory fodder and water ad libitum. The animals were kept according to the regulations of the Norwegian Gene Technology Act of 1994. All experiments were carried out in accordance with the Norwegian Gene Technology Act of 1994 and were approved by the local authority veterinary service. The day of appearance of a vaginal plug was set to 0.5 days postcoitum and pups were born at P0. Embryos were staged according to the Theiler criteria (18) .
Injections of oligonucleotides. Anti-miR-214 (product ID: AM12124), anti-miR negative control (product ID: AM17010), pre-miR-214 (product ID: PM12124), and pre-miR negative control (product ID: AM17110) were purchased from Ambion (Austin, TX). Anti-miRs are chemically modified, single-stranded, oligonucleotides designed to specifically bind to and inhibit endogenous miRNA. The anti-miR negative control is an oligonucleotide with a random base-sequence that has been extensively validated by the manufacturer not to cause identifiable effects on known miRNA functions. Pre-miR molecules are small, chemically modified double-stranded RNA molecules designed to mimic endogenous mature miRNAs, while pre-miR negative controls are random sequence pre-miR molecules that also have been extensively validated to generate no identifiable effects on known miRNA function.
For injections, the oligonucleotides were dissolved in in vivojetPEI (Polyplus-transfection, Illkirch, France). This is an optimized cationic, linear PEI-based, transfection reagent for in vivo experiments.
Separate solutions of anti-miR-214, anti-miR negative control, pre-miR-214, and pre-miR negative control (Ambion) were each diluted with in vivo jetPEI solution containing 10% (wt/vol) glucose (Polyplus-transfection reagent) to final doses of oligonucleotide of 1, 2.5, 10, 50, and 100 pmol. All solutions were mixed by vortexing for 10 s and incubated for at least 15 min at 37°C prior to injection. On the first day after birth (P0), each mouse received a 10 l injection of one of the solutions of oligonucleotide on the lingual side of the first right mandibular molar area. Two additional groups of control animals were included; one consisting of untreated animals and the other of animals receiving 10 l of mixed in vivo jetPEI solution containing 10% (wt/vol) glucose without added oligonucleotide. All injections were carried out at the rate of ϳ1 l/s using a 10 l syringe (Hamilton, Bonaduz, GR, Switzerland) fitted with a needle of 0.3 mm diameter. Each experimental group included molar tooth germs from five newborns.
At 24, 48, and 72 h after the mandibular injection, the mice were killed by decapitation, and their heads were immediately immersed in RNAlater (Ambion). The first mandibular molar tooth germ was dissected out using a stereo-microscope (Wild Heerbrugg, Gais, Switzerland). Dissections were carried out with heads immersed in RNAlater diluted 1:4 with phosphate-buffered saline. Immediately after removal the tooth germs were transferred into undiluted RNAlater.
Isolation of RNA. Fractions of total RNA and RNA fractions enriched with respect to miRNAs were isolated according to the manufacturer's protocol from the first right mandibular molar tooth germs using the Qiagen RNA Mini-kit and Qiagen miRNAeasy Mini-kit, respectively (Qiagen, Hilden, Germany). This yielded RNA fractions exhibiting a ratio of OD260/OD280 and OD260/OD230 of at least 1.8 and 2.0, respectively. RNA was isolated from molar tooth germs from five phenotypical newborns that had received injection with anti-miR-214 and from five phenotypical newborns from each control group. The quality of RNA in solutions was assessed using Agilent-Bioanalyzer (Agilent, Palo Alto, CA). All solutions of total RNA used had RNA integrity number Ͼ8.5. Concentrations of solutions of purified RNA were assayed using Nanodrop ND-1000 spectrophotometer (Thermo Scientific, Waltham, MA).
Microarray analysis of mRNAs. Mouse OneArray microarrays (Phalanx Biotech Group, Palo Alto, CA) were used in the study. Two batches, each of five newborn pups, were given mandibular injections of 50 pmol anti-miR-214. Two additional batches, each with five newborn pups, were given mandibular injections of 50 pmol anti-miR negative control. Microarray analysis was carried out in technical duplicates. Each of two microarrays was hybridized with cDNA prepared from 1 g of RNA derived from each of the resulting solutions of RNA. Microarray analysis was also carried out with samples of RNA isolated from untreated newborns and from newborns injected with 10 l of mixed in vivo jetPEI solution containing 10% (wt/vol) glucose without added oligonucleotide.
Synthesis of cDNA, Cy3-and Cy5-labeling, and hybridization were carried out using the Genisphere 3DNA Array 900 detection kit as described by the manufacturer (Genisphere, Hatfield, PA). Hybridization of labeled samples of RNA was carried out at 58°C for 18 h in a SlideBooster 400 Hybridization Station (Advalytix, Munich, Germany). The microarrays were scanned in a Packard Bioscience Scanarray Lite microarray scanner (Perkin-Elmer, Waltham, MA). The Cy3 and Cy5 fluorescence signals were quantified by using the ScanArrayExpress v.3.0 software (Perkin-Elmer). The resulting fluorescence data (contained in .csv-files) were analyzed using the SPOTFIRE v. 9.0 microarray analysis software (Spotfire, Somerville, MA). The procedures used for microarray analysis were otherwise as described previously (33) .
Microarray analysis of miRNAs. Mouse & Rat miRNA OneArray microarrays (Phalanx Biotech Group, Palo Alto, CA) were used, and all probes being printed in triplicate. The miRNA-enriched fractions were labeled using Kreatech ULS labeling of miRNA (Kreatech, Amsterdam, Netherlands). Each slide was hybridized with samples containing 1 g of RNA. Hybridization of labeled samples of RNA was carried out at 37°C for 16 h in a SlideBooster 400 Hybridization Station (Advalytix). Microarray analysis was carried out in technical and biological duplicates with miRNA-enriched samples from tooth germs from newborns injected with 50 pmol of either anti-miR-214 or anti-miR negative control. The microarray procedures involved were otherwise as described above.
Real-time RT-PCR assays. Levels of expression of miR-214, miR466h, and miR-690 in first mandibular molar tooth germ were measured by real-time RT-PCR using the TaqMan MicroRNA kit protocol and TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA).
Expression of selected genes (Actb, Ambn, Amelx, Brd7, Calb1, Clu, Ctnnb1, Dmp1, Enam, Gna11, Klk4, Krt2-6A, Mki67, Mmp20, Pcna, Prnp, Rgs3, Rpl27, and Twist-1) were assayed by real-time quantitative RT-PCR using primers designed with Primer3 (31). cDNA was synthesized by oligo-dT priming using a First Strand Synthesis Kit (Fermentas, St. Leon-Rot, Germany). Real-time PCR assays were carried out with a qPCR core kit (Eurogentec, Seraing, Belgium).
Total RNA isolated from five molar tooth germs after treatment with different doses of either anti-miR-214 or anti-miR negative control was used for RT-PCR assays. Every analysis was carried out in technical and biological triplicates. Statistical evaluation of the significance of differences between measured cycle threshold (Ct) values was carried out using the REST 2005 program (28). All RT-PCR assays were carried out using the Stratagene Mx 3005P PCR instrument (Stratagene, La Jolla, CA).
Statistical analysis of microarray data. Statistical analysis of microarray data was carried out on data derived from sets of duplicate slides which were combined into a single data-file. Genes exhibiting net fluorescence values of Ͻ500 in both channels and miRNAs exhibiting net fluorescence values of Ͻ500 in both channels from two out of three replicate spots were not included in further analysis. Corrections for false discovery rates (P Ͻ 0.05) was carried out using the method of Benjamini et al. (4) . The ANOVA facility of the SPOTFIRE program was used to select genes and miRNAs that exhibited statistically significant differences in levels of expression (P Ͻ 0.05) in tooth germs from newborn injected with anti-miR-214 compared with levels in newborn injected anti-miR negative control. The statistical analysis of microarray data was otherwise as described previously (33) . The microarray data files used in this investigation have been deposited in the ArrayExpress database with accession code E-MTAB-357.
Bioinformatic analysis. Bioinformatic analysis using Ingenuity Pathway Analysis (IPA) was carried out to find molecular and cellular functions and canonical pathways that were significantly associated with differentially expressed genes (P Ͻ 0.05) in tooth germs of newborn mice injected with 50 pmol of anti-miR-214 compared with newborns injected with 50 pmol of anti-miR negative control.
TargetScan Release 5.1 (http://www.targetscan.org) and MiRanda (http://www.microrna.org) were used to identify computationally predicted mRNA targets for miRNAs which were differentially expressed (P Ͻ 0.05) in tooth germs of newborns injected with 50 pmol of anti-miR-214 compared with newborns given 50 pmol of anti-miR negative control.
Western blot analysis. CelLytic MT (Sigma, St. Louis, MO) with Halt Protease Inhibitor Cocktail (Pierce Biotechnology, Rockford, IL) was used to solubilize proteins from batches of 10 molar tooth germs removed at P1 from mice treated with anti-miR-214 or with anti-miR negative control, according to the manufacturer's protocol. As positive controls, lysates were also prepared from first right mandibular molar tooth germs from untreated mice. Concentrations of proteins were assayed using RC-DC Protein Assay (Bio-Rad, Hercules, CA). Proteins present in samples of solubilize tooth germs (about 100 g total protein) were loaded on to sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE) (Bio-Rad Ready Gels, 4 -20% Tris·HCl) and electrophoretically separated (180 V for 60 min). After completion of electrophoresis, the separated proteins were blotted on to 0.45 m Trans-blot nitrocellulose membranes (Bio-Rad) and incubated separately with antibodies to actin, amelogenin, calbindin D28K (Santa Cruz Biotechnology, Santa Cruz, CA), prion protein, and Ezh2 (Abcam, Cambridge, MA). Antibody binding was visualized using the Enhanced Chemifluorescence (ECF) detection kit (GE Healthcare, Chalfont St. Giles, Bucks, UK) and detected using the Storm 860 scanner (GE Healthcare). Molecular weights of detected protein bands were measured using a molecular weight-ladder (Precision Plus Protein Standards; Bio-Rad). Western blot analysis was carried out in technical and biological triplicate. The intensities of antibody-binding signals were quantified using TOTALLAB software (Nonlinear Dynamics, Newcastle upon Tyne, UK).
Scanning electron microscopy. Five randomly selected mice injected at P0, P2, and P4 with 50 pmol anti-miR-214 or with 50 pmol anti-miR negative control (Ambion) were killed by cervical dislocation at 5 wk of age, when their molar teeth were fully developed and erupted. The right lower jaws containing all three molars were dissected out and fixed in 70% ethanol. After fixation, the jaw segments were thoroughly cleaned by dissection and gentle brushing under running tap water. The specimens were air-dried overnight and mounted on brass cylinders with cyanoacrylate glue, sputter-coated with 30 nm gold-palladium and observed in a Philips XL30 ESEM (Philips, Eindhoven, the Netherlands) operated at 10 kV. These molar segments were later ground longitudinally in a mesiodistal direction, after first having been embedded in Epon. Grinding was performed under a stereomicroscope using grits 800-and 1,200-grit waterproof silicone carbide paper (3M, St. Paul, MN) in a specially designed apparatus (30) . After grinding and careful brushing under running tap water, teeth were etched for 45 s in 1.0% nitric acid, air-dried overnight, sputter-coated with 30 nm gold-palladium, and observed in a Philips XL30 ESEM operated at 10 kV.
RESULTS

Effects of the anti-miR-214.
The level of miR-214 in the tooth germ was measured 24 h after injection of 1, 2.5, 10, 50, or 100 pmol of anti-miR-214; the resulting dose-response curve is shown in Fig. 1A . No one of the injected doses resulted in complete disappearance of miR-214 from the tooth germ, although 50 pmol of anti-miR-214 resulted in the most effective decrease in level of miR-214 (ϳ1/60 of control) (Fig. 1A) . This dose appeared to be saturating as the higher dose of 100 pmol did not cause further decrease in the level of miR-214 (Fig. 1A) .
The duration of the effect from one single injection of anti-miR-214 on the level of miR-214 in the tooth germ was investigated using a dose of 50 pmol of anti-miR-214 or of anti-miR negative control. From about a decrease of ϳ1/60 of control level at 24 h, the level of miR-214 was only moderately decreased at 48 h and was close to that of the control 72 h after injection (Fig. 1B) .
Based on these results, injection of a dose of 50 pmol was selected for both anti-miR-214 and for the negative control for use in subsequent experiments. Effects on gene expression were routinely monitored 24 h after injection.
Effects of control injections. The first right mandibular tooth germs of mice from the three control groups (50 pmol anti-miR negative control, untreated mice, mice given injections of 10 l of in vivo transfection medium) were dissected out 24 h after injection (at P1). No significant differences in levels of miR-214 were encountered between tooth germs from the three control groups. Furthermore, mRNA expression profiling was carried out using RNA isolated from these three control groups. When comparing RNA from untreated animals and from animals injected with 10 l of mixed in vivo transfection medium with RNA from the anti-miR negative control group, we found only 13 and 17 genes that were differentially expressed (P Ͻ 0.05), respectively. These results suggest that anti-miR negative control can function as control injections. In subsequent microarray and bioinformatic analyses, therefore, samples from mice given anti-miR negative control were used as controls.
Microarray analysis of differentially expressed miRNAs and mRNAs. Microarray profiling of miRNAs expressed at P1 suggested that eight miRNAs exhibited significantly different levels of expression in the tooth germs in the group treated with anti-miR-214 compared with the anti-miR negative control group ( Fig. 2A) . In addition to mmu-miR-214, mmu-miR466h, and mmu-miR-574-5p exhibited significantly lower levels of expression 24 h after injection of anti-miR-214 ( Fig. 2A) . On the other hand, the levels of expression of mmu-miR-199a-3p, mmu-miR-199a-5p, mmu-miR-690, mmu-miR-720, and mmu-miR-1224 were significantly increased after injection of anti-miR-214 ( Fig. 2A) . The levels of expression of mmu-miR199a-3p and mmu-miR-199a-5p were, however, ϳ10% of that of the other three miRNAs (results not shown).
Following mRNA expression profiling of tooth germs from pups treated with anti-miR-214 or with anti-miR negative controls, differentially expressed (P Ͻ 0.05) genes were identified using ANOVA. This yielded 1,168 differentially expressed genes, 863 of which exhibited significantly increased expression and 305 which exhibited significantly decreased expression in tooth germs from mice given anti-miR-214 compared with tooth germs from mice given anti-miR negative control (Fig. 2B) .
Expression of Ezh2, known to be negatively regulated by miR-214 (17), was about fourfold increased following injection of anti-miR-214 (Fig. 3) . Expression of the miR-199a/214 cluster has been reported to be regulated by Twist-1 (21); expression of Twist-1 was found to be about twofold increased after injection of anti-miR-214 (Fig. 3) . Also several genes encoding contractile proteins exhibited three-to fivefold increase in expression following injection of anti-miR-214 (Fig. 3) .
Validation of microarray analysis by real-time RT-PCR. The RT-PCR results showed good agreement with microarray results (Fig. 4) . Eleven of the selected mRNAs exhibited increased expression after injection of anti-miR-214 (Fig. 4) , among them Actb (coding for ␤-actin), Mki67 (coding for antigen identified by monoclonal antibody Ki-67), Pcna (coding for proliferating cell nuclear antigen), and Twist-1 (coding for Twist-related protein 1); the others were Brd7, Ctnnb1, Dmp1, Gna11, Krt2-6A, Rgs3, and Rpl27. Eight of the selected genes showed decreased expression following treatment with anti-miR-214, most markedly for the genes encoding the three major enamel matrix proteins Amelx (coding for amelogenin), Enam (coding for enamelin), and Ambn (coding for ameloblastin), and also for Clu (coding for clusterin) and Prnp (coding for prion protein). The levels of expression of Klk4 (coding for kallikrein-related peptidase 4), Mmp20 [coding for matrix metallopeptidase 20 (enamelysin)], were both Fig. 2 . MiRNAs and mRNAs exhibiting differential expression in the mandibular first molar tooth germ after injection of anti-miR-214. Two batches, each of 5 newborn pups, were given mandibular injections of 50 pmol anti-miR-214. Two additional batches, each with 5 newborn pups, were given mandibular injections of 50 pmol anti-miR negative control. At P1 (24 h after injection) the first mandibular tooth germs were dissected out and used to isolate total RNA and miRNA-enriched RNA fractions as described in MATE-RIALS AND METHODS. Expression profiling of miRNAs and mRNAs was carried out using microarrays, and differentially expressed (P Ͻ 0.05) miRNAs and mRNAs were isolated using the analysis of variance (ANOVA) function in the SPOTFIRE program. Microarray analysis was carried out in technical duplicates. The resulting clusters of miRNAs (A) and mRNAs (B) are presented.
found to be substantially decreased after injection of anti-miR-214 (Fig. 4) , while that of Calb1 (coding for calbindin 1) was somewhat less diminished (Fig. 4) .
The time course of levels of expression of the genes encoding the three major enamel proteins (Ambn, Amelx, Enam) was monitored by RT-PCR using tooth germs isolated 24, 48, and 72 h after injection of anti-miR-214 (Fig. 5) . Although levels of mRNAs for Ambn and Amelx had returned to control levels at 48 h, that of Enam required 72 h (similar to that of miR-214, Fig. 1B) .
Effects of injected pre-miR-214 on levels of selected microRNAs. Injection of 50 pmol of pre-miR-214 led to an expected, increased, level of miR-214 in the tooth germ (Fig. 6) as measured by real-time RT-PCR. Levels of miR-466h and miR-690, which were significantly altered after treatment with anti-miR-214 ( Fig. 2A) , were now not significantly altered (Fig. 6) . Additionally, no significant changes in expression of any one of the 19 mRNAs validated by real-time RT-PCR were detected after injection of pre-miR-214 (Fig. 4) .
Bioinformatic analysis of differentially expressed mRNAs. The 863 and 305 genes with increased and decreased expression, respectively, were subjected to separate comparative bioinformatic analysis using IPA. The higher number of significant associations was found for "molecular and cellular functions" (ϳ20 functional categories for each of the two populations of genes, although some overlapping was apparent), while the number of significant associations was substantially lower for "canonical pathways" (six categories for the 863 genes and two categories for the 305 genes).
As regards "molecular and cellular functions," the four top-ranking categories associated with the 863 mRNAs with increased levels of expression after injection of anti-miR-214 were: "cell cycle," "RNA posttranscriptional modification," "DNA replication, recombination and repair," and "gene expression" (Fig. 7A) . On the other hand, for the 305 mRNAs that exhibited decreased expression after treatment with anti-miR-214, IPA suggested the following four top-ranking categories: "cell-to-cell signaling and interaction," "cell death," "cellular development," and "cellular movement" (Fig. 7B) .
Predicted mRNA targets and differentially expressed miRNAs. Using TargetScan we found that the three miRNAs exhibiting decreased expression following treatment with anti-miR-214 (mmu-miR-214, mmu-miR-466h, and mmu-miR-574-5p) ( Fig.  2A) had each 290, 145, and 50 predicted mRNA targets, respectively ( Table 1 ). The five miRNAs exhibiting increased expression after treatment with anti-miR-214 (mmu-miR199a-5p, mmu-miR-690, mmu-miR-199a-3p, mmu-miR-1224, and mmu-miR-720) ( Fig. 2A) had each 245, 239, 222, 35 , and 7 predicted mRNA targets, respectively (Table 1) . These eight miRNAs therefore had a total of 1,233 predicted mRNA targets, of which 221 (18%) ( Table 1) were among the mRNAs found to be differentially expressed after treatment with antimiR-214. A major fractions (84) of these 221 differentially expressed mRNAs were found as targets for mmu-miR-214 (Table 1) .
Results shown in Table 1 suggest that the fraction of differentially expressed mRNAs found among predicted targets were higher (26%) among targets for the three miRNA exhibiting decreased expression compared with predicted targets for the five miRNAs exhibiting increased expression (13%). Conversely, the fraction of target mRNAs exhibiting decreased expression was lower (21%) among targets for the three miRNA with decreased expression compared with the targets for miRNAs exhibiting increased expression (32%) ( Table 1) .
A major fraction of the predicted targets was found among differentially expressed genes encode proteins that are transcription factors or constituents of signaling pathways (Table  1) . Hence bioinformatic analysis using IPA yielded highly significant associations to e.g., "posttranslational modification," "gene expression," "cellular growth and proliferation," "RAN signaling," "tight junction signaling," and Wnt/␤-catenin signaling" (results not shown).
Western blot analysis. Western blot analysis was used to measure relative levels of selected proteins (i.e., actin, amelogenin, calbindin D28K, Ezh2, and prion protein) at P1 in tooth germs from mice treated with 50 pmol of either antimiR-214 or anti-miR negative control at P0.
The two isoforms of amelogenin (24 and 50 kDa) were detected (Fig. 8) . The level of amelogenin (24 kDa isoform) at Fig. 7 . The 4 top-ranking cellular and molecular functions significantly associated with genes that are differentially expressed in the mandibular 1st molar tooth germ after treatment with anti-miR-214. Differentially expressed genes exhibiting significantly increased (A) or decreased (B) expression 24 h after injection of 50 pmol anti-miR-214 were identified using the ANOVA function in the SPOTFIRE program and subjected to bioinformatic analysis using Ingenuity Pathways Analysis (IPA). The plotted data represent associations between genes and cellular/molecular functional categories. The vertical line across the horizontal columns indicate the minimum value of Ϫlog(P), above which associations are judged to be significant as measured by Fisher's exact test (8) . The lengths of the horizontal columns indicate the levels of significance [plotted as Ϫlog(P value)] computed for the various categories. Numbers to the right of each column indicate the number of genes associated with each category. Experimental details are given in MATERIALS AND METHODS and in legend to Fig. 2 . P1 was decreased by 84 Ϯ 7% in tooth germs from mice treated with anti-miR-214 compared with levels in controls treated with anti-miR negative control (Fig. 8) . Similarly, in tooth germs from mice treated with anti-miR-214, levels of calbindin D28K and prion protein were found to be decreased by 77 Ϯ 4 and 69 Ϯ 5%, respectively, at P1.
In contrast, levels of actin and Ezh2 in tooth germs treated with anti-miR-214 were significantly increased by 63 Ϯ 5% and 71 Ϯ 6%, respectively (Fig. 8) .
Tooth phenotype in anti-miR-214-treated mice. All three mandibular molars were erupted and had reached occlusion at 5 wk of age. The molars were observed from the occlusal, buccal, and lingual aspects; no morphological differences were observed in anti-miR-214 compared with anti-miR-negative control treated mice. The anti-miR-214 treated molars had the normal basic enamel structure exhibiting decussating prisms in the inner enamel and parallel prisms in the outer enamel in some areas and lacking prism decussation in other areas. In comparable areas of control and experimental enamel near the cusp tip (Fig. 9A, a and d, respectively) the enamel lacks prism decussation, showing rows of parallel prisms separated by sheaths of interprism. Compared with control enamel (Fig.  9A, b and c) the experimental enamel exhibited evidence of hypomineralization, being porous with remnants of organic material (Fig. 9A, e and f) . Also, surface roughness after etching was less pronounced in anti-miR-214 treated molars (Fig. 9A, e and f) . Theoretical considerations predict that the more extensive etching of surfaces containing crystals of differing orientations will yield enhanced roughness of the resulting surface (Fig. 9B) . Because the experimental enamel is hypomineralized it is less susceptible to etching by acid than control enamel. This is substantiated by the observed differences in levels of dentin and enamel on the etched surfaces; a distinct step at the enamel-dentin junction is apparent in control teeth, while only a minor step is found in experimental teeth (Fig. 9C ). Hypomineralization and diminished surface roughness were more obvious occlusally than cervically in the first molar, less apparent in the second than in the first molar, and absent in the third molar.
DISCUSSION
Validation of microarray data. Validation of microarray data using RT-PCR suggested good correlation between the two methods as judged from results obtained with 19 genes (Fig. 4) . The results from Western blot analyses suggest that, at least for the five proteins investigated (Fig. 8) , good correlations also exist between changes in levels of mRNA (Fig. 4) and changes in levels of proteins (Fig. 8) .
Effects of anti-miR-214 on gene expression. The effects observed following injections of anti-miR-214 compared with the three groups of control animals suggests that effects observed for anti-miR-214 are not caused by the injection itself or by the in vivo transfection medium used as vehicle. Therefore, the absence of effects by injected anti-miR negative control oligonucleotide suggests that sequence-dependent effects of anti-miR-214 have been observed. These effects were observed using injected doses of 1-100 pmol of anti-miR-214, also suggesting highly specific anti-miR-dependent effects. Acly, Ankrd52, Arhgp26, Arl2, Atad4, Bace1, Baz2a, Bcl11b, Cacna1l, Capn5, Cdca7l, Cdc42 se1, Cdh11, Cdk6, Cldn2, Cldn4, Col12a1, Cry2, Ctnnb1, Dctn5, Dek, Dscr4, Eml1, Epb41l1, Exoc3l2, Exoc5, Fbln5, Fgfr1, Fndc5, Foxp2, Galnt7, Gas7, Gnai2, Gpr6, Hmga1, Hmgn3, Hsd17b8, Ipo9, Itgb8, Kif1b, Kif7, Kpna1, Kpna3, Lamp1, Lhx6, Lrrc1, Lsm12, Mllt10, Nmt, Npthr, Pdlim2, Plagl2, Plekhj1, Ppp1r3f, Ppp2cb, Psip1, Ptpn23, Rab15, Rassf5, Rnf8, Rtn2, Sall1, Sema3 g, Sema5a, Sema6a, Sfrs1, Slc25a25, Slc30a8, Slc4a4, Slc9a3r2, Smarcc1, Sox8, Sp1, Taf15, Thrap3, Tle3, Tuba8, Ube2r2, Usp7, Usp46, Ywhaz, Zbtb20, Zbtb39, Zbtb4l mmu-miR-466 h 145 (30) Actb, App, Cacna2d2, Calm1, Cdc25b, Eml3, Extl3, Fbxo30, Fmr1, Grik2, Igf2, Kapna4, Kcnn3, Kctd15, Kif3a, Lrrc8a, Lsm6, Mat2a, Ppp3cb, Rab5b, Rbmc2, Scn4b, Six4, Sfrs6, Slc25a22, St18, Syncrip, Tcfap2c, Thbs1, Usp14 mmu-miR-574-5p 50 (12) Bcl11a, Capn6, Dhx40, Ddx6, G3bp2, Irx4, Nup98, Olflml2a, Ptbp2, Serpinb9, Tcf20, Tead1 Predicted mRNA targets for differentially expressed miRNAs were identified using TargetScan and are presented here. Numbers in parenthesis represent the number of predicted mRNA targets found among mRNAs that experimentally were determined to be differentially expressed after injection of anti-miR-214. These latter mRNAs are shown in the table. The mRNA targets in boldface represent mRNAs exhibiting significantly decreased levels of expression after injection of anti-miR-214; the remaining mRNA exhibit increased expression. Experimental details are otherwise given in MATERIALS AND METHODS.
The altered levels of expression of seven other miRNAs suggest that injected anti-miR-214 affects expression of miRNAs other than miR-214 (Figs. 2A) . This may represent a compensatory mechanism elicited by the acute decrease in level of miR-214 or may be due to ensuing changes in gene expression. Many miRNAs have been found to be coordinately transcribed (36) , including miR-199a-3p, miR-199a-5p, and miR-214 (37) . The anti-miR-214-dependent inactivation of miR-214 brought about a twofold increase in levels of expression of both miR-199 species, suggesting that inactivation of miR-214 stimulates biosynthesis of the primary transcript.
Our findings, that treatment with anti-miR, and ensuing decreased level of the corresponding miRNA, resulted not only in increased expression of hundreds of genes but also in decreased expression of a considerable number of genes (Fig.  2B) . This is in agreement with published findings (20) suggesting that altered cellular levels of miRNAs also increase levels of expression of mRNAs. However, the mechanism for this is unknown. It also remains elusive whether the decreased level of miR-214 alone can explain the altered expression of 1,168 genes as observed in our study. Probably these changes in gene expression are the result of decreased level of expression of miR-214 and the ensuing altered level of expression of seven other miRNAs (Fig. 2A) . Artificially high levels of miR-214 caused by injection of pre-miR-214 (Fig. 6 ) did not affect expression of selected miRNAs (Fig. 6) and genes (Fig. 4) , probably because this miRNA is already highly expressed in tooth germ at postnatal stages (16) , and a further increase did not therefore alter its regulatory function.
The highly significant associations of the 863 genes exhibiting significantly increased anti-miR-214-dependent expression with "RNA posttranscriptional modification," "DNA replication, recombination and repair," and "gene expression" (Fig. 7A ) suggest increased expression of many genes encoding proteins regulating gene expression or protein biosynthesis.
Potential mRNA targets for miRNAs exhibiting significantly altered expression following injection of anti-miR-214. Several programs are available for prediction of mRNA targets for specific miRNAs, each method having different levels of coverage and false positive predictions (6) . In this study we used TargetScan and miRanda. Searching with MiRanda yielded several thousands of potential target for a single miRNA, while searching using TargetScan yielded a few hundred targets. Our finding that ϳ18% of mRNA targets predicted by TargetScan were among mRNAs found to be differentially expressed after injection with anti-miR-214 suggests this program to yield relevant target predictions.
The reason for the higher fraction of differentially expressed mRNAs (Table 1) among targets for the three miRNAs with decreased expression after treatment with anti-miR-214 compared with targets for the five remaining miRNAs is not immediately clear. It is, however, apparent that most of these targets (84) were contributed by miR-214, the miRNA subjected to the higher change in level of expression ( Figs. 1 and 2) . Likewise, it is not clear why the higher fraction of downregulated mRNAs (32 vs. 21%) were observed among the targets for the five miRNAs exhibiting increased expression after treatment with anti-miR-214 (Table 1).
It is also striking that most of the mRNAs whose levels of expression were most powerfully affected by treatment with anti-miR-214 (Figs. 3 and 4) are not found among any of the predicted targets. This also applies to mRNAs encoding enamel matrix proteins (Ambn, Amelx, and Enam). This leads to the conclusion that the observed effects on levels of both contractile proteins and on enamel matrix proteins are mediated by transcription factors. It is possible that transcription factors known to regulate expression of contractile proteins, e.g., Ezh2 and Twist1 may have an inverse regulatory effect on expression of genes encoding proteins involved in enamel biosynthesis. However, in view of the substantial number of transcription factors found among differentially expressed mRNA targets (Table 1) , involvement of other transcription factors is possible. Hence no decisive conclusion regarding the mechanism of action of miR-214 on enamel biosynthesis is possible at this stage.
Effects of treatment with anti-miR-214 on molar tooth enamel. Ambn, Amelx, and Enam are required for enamel biosynthesis (9, 10, 12). It has been shown that antisense inhibition of ameloge- Fig. 8 . Western blot analysis of actin, amelogenin, calbindin D28K, Ezh2, and prion protein in 1st molar tooth germs following injection of anti-miR-214. Pups were treated with injections of 50 pmol of anti-miR-214, or with 50 pmol of anti-miR negative control, at P0. Batches of 10 mandibular 1st molar tooth germs were removed from the pups at P1 and solubilized using CelLytic MT containing Halt Protease Inhibitor Cocktail. The resulting solubilized proteins were subjected to SDS-polyacrylamide gel electrophoresis. Molecular weights of the detected protein bands were estimated using the molecular-weight ladder (L) shown at left. P1, postnatal day 1; PC, positive control (mouse molar tooth germ from untreated mice). Western blot analysis was carried out in technical triplicates. Experimental details are otherwise given in MATERIALS AND METHODS.
nin mRNA in tooth organ culture results in disturbed organization of the extracellular enamel matrix and deficient crystal growth (7) . Transient arrest of amelogenin synthesis by injection of a specially designed ribozyme into developing murine mandibles yielded a tooth phenotype with normal morphology and with normal enamel structure, but with defects suggesting hypomineralization (25) . This is in accordance with the present findings where both decreased expression of Amelx and diminished levels of amelogenin were associated with both normal morphology and normal enamel structure of the mature tooth; missing prism decussation in certain areas being a normal feature of mouse molar enamel (24) . Evidence of enamel hypomineralization with porosities and organic material residues together with diminished surface roughness following acid etching was however apparent in treated molars (Fig. 9) . The variation in distribution and degree of hypomineralization within and among the mandibular molars matched well with time of injection of anti-miR-214 (at P0), with the duration of diminished expression of Amelx (between 24 and 48 h), and with the established spatial and chronological development of mouse molar enamel starting at the cusp tip in first, second, and third molars at P1, P4, and P12, respectively (5) .
Expression of Enam, unlike that of Ambn and Amelx, was significantly decreased also 48 h after injection of anti-miR-214 (Fig. 5) . The exact function of enamelin in amelogenesis is not known, although abnormal expression of enamelin expres- Fig. 9 . Scanning electron microscopy (SEM) images of enamel from 1st mandibular molar (M1 inf) from anti-miR-negative control and anti-miR-214-treated mouse. Five mice injected at P0, P2, and P4 with 50 pmol anti-miR-214 or with 50 pmol anti-miR negative control were killed by cervical dislocation at 5 wk of age (when their molar teeth were fully erupted and developed). A, a-c: enamel without prism decussation located close to cusp tip on M1 inf in anti-miR-negative control treated mouse. d and e: Enamel without prism decussation located close to cusp tip on M1 inf in anti-miR-214-treated mouse. b and e: Higher magnification of enamel from a and d, respectively. c and f: Higher magnification of enamel from b and e, respectively. Enamel in anti-miR-214-treated mouse (d-f) exhibits normal structure but appears hypomineralized with organic material residues, is more porous, and shows less surface roughness compared with the negative control enamel (a-c). The bar represents 20 m in a and d, 5 m in b and e, and 2 m in c and f. E, enamel; D, dentin; R, resin; P, prism; IP, interprism. B: schematic representation of enamel with crystals (AB and AD) with different orientation relative to the enamel surface. When acid is applied to the enamel surface, the differently oriented crystals are attacked at the same speed along their long axes, i.e., AC ϭ AC* and AE ϭ AE*. The deeper the etch, the greater the difference in etch depth of the differently oriented crystals relative to the surface, i.e., X Ͼ Y. X ϭ AC (1-cos ␣), X increases with increasing AC (etch depth) and with increasing angle ␣ between crystals. This means that surface roughness increases with increasing etch depth. EDJ, enamel-dentin junction. C: oblique view in SEM of enamel-dentin junction in M1 inf of anti-miR-negative control (a) and antimiR-214 treated mouse (b). Images show that the step (S) between dentin and enamel after etching is less conspicuous in anti-miR-214-treated mouse (b), indicating that the difference in etching properties between dentin and enamel, related to their degree of mineralization, is less marked in anti-miR-214 treated mice compared with anti-miR-negative controls. The bar represents 5 m. http://physiolgenomics.physiology.org/ sion invariably cause enamel hypoplasia (14) . This was not, however, observed in the present study. Mandibular molars are affected by single allele mutations in Enam, which also may result in hypomineralization (12) . Hence, observed hypomineralization of enamel from anti-miR-214 treated mice may possibly be due to the combined decrease in expression of Enam and Amelx. Decreased expression of Klk4 following injection of anti-miR-214 did probably not contribute to the hypomineralized state of enamel as kallikrein-related peptidase 4 is considered to function at the later maturation stage of amelogenesis (13) .
Function of miR-214 during tooth development. It has recently been shown that the expression of the miR-199a/214 cluster is associated with the Twist-1 gene and that inhibiting expression of Twist-1 resulted in decreased miR-214 levels (21) . Thus, our microarray results suggesting that Twist-1 exhibits significantly higher levels of expression in tooth germs injected with anti-miR-214 compared with negative controls could indicate a compensatory mechanism attempting to raise the level of endogenous miR-214. Therefore, it is possible that anti-miR-214-dependent decrease in the level of miR-214 also altered expression of the remaining seven miRNAs ( Fig. 2A) . Similarly, expression of Ezh2 is known to be negatively regulated by miR-214, and both Ezh2 and miR-214 are reported to have regulatory functions during development of skeletal muscle (17) . The fourfold increase in expression of Ezh2, and in the increased level of the encoded protein, on injection of antimiR-214 is therefore in line with published findings. This also applies to the finding that several genes encoding actin or myosin proteins exhibited three-to fivefold increase in expression following injection of anti-miR-214 (Fig. 3) . Bioinformatic analysis suggested these genes to be significantly associated with "Skeletal and muscular system development" (results not shown). It therefore appears that the high level of miR-214 in secretory tooth germs serves to maintain a high level of expression of genes related to mineralization while expression of genes encoding contractile proteins is simultaneously suppressed.
